Abstract. Mountain ecosystems act as natural experiments for investigating the relationship between environmental heterogeneity and species diversity. A review of the global altitudinal distribution of reptiles identified a diverse range of patterns driven by climate and taxonomy. No Australian examples were included in this analysis. We addressed this gap by surveying the reptile assemblage along an altitude gradient from upland rainforest (~1000 m) through to open savanna woodlands (~350 m) in north-eastern Australia. Reptiles were sampled on four separate occasions between May 2006 and November 2007. Thirty-six species, representing seven families, were recorded along the gradient. As we used only diurnal active searching, snakes and nocturnal geckoes were probably under-sampled; thus we considered only lizards in the analysis of altitude pattern. Lizard species richness peaked at the mid-altitudes (600-900 m, 11-12 spp.) and abundance highest at the lower (<500 m) and higher (>800 m) zones. This pattern is likely a factor of both the increase in radiant heat sources (reduced canopy cover) and increased species packing due to the diversity of niches available (presence of rock cover and increase in saxicolous species). In the lower-altitude sites the high abundance of few species seems linked to the dominance of disturbance-tolerant species. We conclude that lizard richness and abundance patterns on this transect are not necessarily exhibiting a mid-domain effect, but instead are a function of species-specific ecological and habitat requirements.
Introduction
Mountain ecosystems can act as natural experiments for investigating processes that determine species assemblage along environmental gradients (Shmida and Wilson 1985) . Rapid changes in altitude and associated habitat can provide insight into the relationship between environmental heterogeneity and local or regional species diversity (Bateman et al. 2010) . There is often a strong relationship between altitude and changes in climate and vegetation (Körner 2007) , so species assemblages can shift rapidly over relatively short distances (Bullock et al. 1995; van Ingen et al. 2008) . These zones of rapid transition can result in areas of increased species diversity (Heaney 2001) , though there is conflicting evidence and debate regarding the determinants of the diversity along such gradients (Rowe et al. 2010) .
Many studies of different biotic assemblages along altitudinal gradients have identified mid-altitude peaks in species richness (e.g. McCain 2009 ). These peaks can occur either at points of optimal environmental conditions or at locations where distinct vegetation communities occur in close proximity causing high species overlap and turnover (Lomolino 2001; Currie and Kerr 2008) . Few Australian studies or examples have examined vertebrate patterns, although a study in north-eastern Queensland showed a peak in richness of small mammals towards the summit of the gradient and at the point of most contrasting environmental conditions and vegetation change (Bateman et al. 2010) . Although there are varying hypotheses on the underlying cause of the mid-altitudinal peak, a simple universal explanation may be difficult to attain due to local environmental conditions, biogeographic history and anthropogenic impacts (Rowe et al. 2010) .
A review of global reptile distribution identified four altitudinal patterns of diversity: decreasing, low plateau, low plateau with a mid-altitude peak, and unimodal with a midaltitude peak (McCain 2010) . The distribution patterns were dependent on taxonomic and functional groups present, and temperature was the strongest environment correlate, which was not unexpected for ectothermic species (McCain 2010) . Speciesrich reptile faunas are often common at low altitudes (Barnosky et al. 2001) , and in Australia, high reptile diversity occurs in relatively flat deserts, though these regions traverse a scope of intermediate altitude (~0-800 m) (Pianka 1969) . In extensive tropical savannas the reptile fauna is largely undifferentiated in Eucalyptus woodland habitats, and patterns are more linked to distinct changes in substrate and terrain (Woinarski and Gambold 1992) . By contrast, subtle altitude shifts in cooler temperate zones can cause changes in reptile species composition, with highest richness at intermediate altitudes (Fischer and Lindenmayer 2005) .
There are no studies of reptile abundance and species distribution along steep altitudinal gradients for Australian mountain systems, although broad altitude change has been studied (Caughley and Gall 1985) . Thus, no Australian gradients were considered in the recent review of global reptile altitude patterns (McCain 2010) . In this study we begin to redress this gap and examine the patterns of reptile diversity along an altitude gradient from upland rainforest (~1000 m) through to open savanna woodlands (~350 m) in north-eastern Australia within the Wet Tropics region. We investigated two key questions regarding patterns along with mountain gradients: (1) does the pattern of species richness and abundance conform to any of the existing reported patterns of altitude variation (McCain 2010)? and (2) are the observed species patterns associated with rapidly changing environmental conditions (habitat or climate)?
Methods

Study area
The study sites, centred on the Carbine Tablelands (16   30  0 S,  145 12 0 E) in tropical north-eastern Queensland, are situated along an east-west altitudinal gradient. The altitude gradient extends from low-rainfall (<600 mm year ) open savanna woodlands (300 m) in the west, to high-rainfall (>3000 mm year -1 ) upland (>1000 m) tropical rain forest to the east (Webb 1968; van Ingen et al. 2008; Bateman et al. 2010) . The mountain peak experiences cooler temperatures (~19 C mean annual temperature) and less precipitation seasonality (~80; coefficient of variation of mean monthly precipitation) than the base of the mountain (~22 C,~115) (climate data derived from ANUCLIM 5.1: McMahon et al. 1995) . Since 2005, the study area has been managed by the Australian Wildlife Conservancy as a Nature Reserve (Brooklyn Wildlife Sanctuary); previously it was operated as a pastoral lease for many years, with lower-altitude habitats grazed by cattle. The upland areas have been partly logged and subject to mining activity in the past.
Seventeen sampling sites along the altitudinal gradient were selected during a reconnaissance survey, with reference to vegetation mapping for the region (Sattler and Williams 1999) . Each site was set up as 100 Â 100 m in size quadrat and a 100-m transect was marked by two permanent steel fence posts at 0 and 100-m points running down the ridgeline. Ten sites (in a sequence of decreasing altitude) followed a ridgeline walking track that covered a vegetation and altitudinal gradient from 620 m to 1000 m (Fig. 1) . These sites were close to each other, the closest being just over 100 m from the nearest edge of the next quadrat, the furthest being 800 m from its next nearest. Our choice of close site spacing was driven by the narrow habitat bands along the altitudinal gradient that we wanted to sample. The remaining seven sites were situated along an adjacent ridgeline with an altitude gradient ranging 350-700 m (Fig. 1 ) and these ranged from 300 m to 1.8 km between sites. Sites were established away from obvious ecotones. Broad Vegetation Groups were used to group sites as vegetation mapping units established by the Queensland Herbarium (Accad et al. 2006) . A brief description of the vegetation groups, and the number of sites sampled per vegetation type is presented in Table 1 .
Survey methods
Environmental sampling was undertaken as described in Bateman et al. (2010) with only a brief description given here. Habitat and vegetation variables were sampled along the 100-m transect following the methods outlined in (Neldner et al. 2004) . For each stratum, the height was measured using a clinometer and crown cover was measured using a line-intercept method (Neldner et al. 2004) . Percentage crown cover was assessed over the entire 100-m transect, with the length of the crown divided by the total length of the tape to give an estimate, and height was assessed at the 0, 50-and 100-m points of the 100-m tape and averaged. Five 1-m 2 quadrats along the 100-m transect were used to estimate percentage ground cover and rock cover.
Reptiles were sampled via three diurnal active searches on four separate occasions (May 2006 , November 2006 , April 2007 and November 2007 ; that is, 12 active searches in total for each site over the two years. In order to account for seasonal and interannual variation, surveys were conducted over two years and within both the late wet (April/May) and late dry (November) seasons. Three diurnal active searches were conducted, each by two people over a 10-min period (20 person-minutes per search). Diurnal searches consisted of observation of sun patches, slow walking through the quadrat, scratching through leaf litter, log rolling and rock turning. The search data were pooled for all 12 separate active searches, representing an index of relative abundance for each site to be used in subsequent analysis. Our sampling methods were most effective for recording diurnal lizard abundance and species richness, and therefore we excluded snakes and geckoes from analysis of altitude pattern. Common names, scientific names and authorities for fauna follow Clayton et al. (2006) . Scientific names and authorities for plants follow Bostock and Holland (2010) .
Statistical analysis
Altitude bands were selected over broad vegetation groups for grouping and analysis of the data as per Bateman et al. (2010) , which found a strong correlation with altitude and broad vegetation group and other vegetation variables; this indicated that altitude was a strong surrogate for environmental variation along this gradient. To further test whether altitude bands were an appropriate environmental surrogate for change in reptile composition, we tested the strength of the altitude band groups to categorise variation in reptile assemblage via analysis of similarity (ANOSIM) in Primer ver. 6.1.11 (Clarke and Gorley 2006) . ANOSIM tests a priori categorisation of multivariate data by non-parametric permutation applied to the underlying similarity matrix, with larger output values of R (rank similarities) indicating greater separation of replicates between groups. Fourth-root-transformed Bray-Curtis similarity matrices derived from the reptile abundance data were used.
Sample-based (observed) rarefaction curves were used to investigate the adequacy of our sampling effort. The number of observed species per altitudinal band (300, 500, 600, 700, 800 and >900 m) were plotted against the number of consecutive search days over the four survey periods (1-12 searches) in Primer ver. 6.1.11 (Clarke and Gorley 2006) . Sufficient sampling of sites was assumed to have been achieved if the curves approached the asymptote. Lizard total species richness and total abundance (pooled over all four sampling periods) and the relationship to altitude were examined via generalised linear modelling (Crawley 1993) .
Linear and polynomial fits were tested to determine which best represented the relationship for each comparison by examining the resultant residual sum of squares (linear regression), or percentage deviance explained (non-linear and polynomial regression).
The distribution of each reptile species found across the altitudinal gradient was examined using weighted maximum, minimum, mean and standard error range plots. Each species distribution was weighted by total abundance within each altitude to adjust the contribution of individual cases (e.g. altitudes) within the range plots in proportion to the values of a selected variable (e.g. abundance of reptile).
Variation in both reptile mean abundance and species richness across the altitudinal bands were examined using non-parametric (Kruskal-Wallis) one-way analysis of variance. Variation in individual species abundance (data pooled across the four sample periods) was also tested for all reptile species that were recorded in more than three sites, as well as for variation in habitat complexity (cover and height) across the altitudinal bands using nonparametric ANOVA.
Results
Vegetation composition and structure varied along the altitudinal gradient, with the lower-altitude sites characterised by woodlands dominated by 2-3 Eucalyptus spp., transitioning through diverse myrtaceous (Eucalyptus, Corymbia, Banksia) forest (dominated by 6 spp.) with increasing altitude, with the rainforest vegetation on the mountain summit (Table 1 ; as per Bateman et al. 2010) . Habitat structure and complexity varied significantly along the altitudinal gradient (Bateman et al. 2010) , with reduced canopy and subcanopy height at the lowest-altitude woodland sites (16.3 m for canopy, 7.0 m for subcanopy) in comparison to the high-altitude rainforest (28.5 m for canopy, 16.5 m for subcanopy) ( Table 2 ). Canopy and subcanopy cover were highest within the higher-altitude bands (>900 m band and 800 m bands; 68-64.5% for canopy, 48.0-54.5% for subcanopy). This declined rapidly down the mountain gradient, with reduced canopy (300-600-m bands; 23.5-38.7%) and subcanopy (300-600-m bands; 9.3-11.0%) within the lower-altitude sites (Table 2) . Shrub cover was significantly higher above 700 m (12.5-17.8%) than below that altitude (0-8.3%) ( Table 2 ). The height and cover of the ground layer did not change significantly along the gradient; however, rock cover was significantly higher between the 600-m and 700-m bands (18.0-20.0%) than all other altitudinal bands (0-9.3%) as this was also a band of granite geology (Table 2) .
Altitude was a strong surrogate for both environmental variation (with broad vegetation groups, Global r = 0.67) and variation in the reptile assemblage (Global r = 0.71), indicating that altitude bands are a surrogate for environmental change. The separation of the sites on the ordination (by altitudinal bands), and the mapped trajectory of lowest sites to highest site on the ordination suggests that there is a sequence of compositional change along the gradient (not illustrated). The speciesaccumulation curves for all altitude bands approached asymptote (not illustrated), indicating that the sampling effort was adequate. Therefore it is possible to examine patterns of species richness along the gradient.
Thirty-six species of reptile, representing seven families (Gekkonidae, 2 spp.; Scincidae, 22 spp.; Pygopodidae, 2 spp.; Agamidae, 1 spp.; Varanidae, 2 spp.; Elapidae, 4 spp.; Colubridae, 2 spp.), were recorded from the active searching along the altitudinal gradient. The most abundant species were Carlia rostralis, C. rubrigularis, C. malleolus, C. jarnoldae and Diporiphora australis. Ten species were represented by only a single sighting, and these were snakes (five spp.), pygopodid lizards (two spp.) and skinks (three spp.). A further three species are rainforest-restricted species, recorded only a single time in the highest site in rainforest (Glaphyromorphus mjobergi, Lampropholis robertsi, Saproscincus czechurai), and two further species were recorded multiple times but only in a single altitudinal band (i.e. Glaphyromorphus fuscicaudis, two records; Gnypetoscincus queenslandiae, 11 records, in RFE (rainforest and ecotone) >900 m). Carlia munda was recorded abundantly at the three sites at 350 m, and nowhere else on the gradient. The remaining 23 species occupied sites over a range of altitudes with Eulamprus brachysoma (680-810 m), Carlia rostralis (680-810 m) and Diporiphora australis (300-700 m) being the most cosmopolitan species (Table 1) .
The relationship between species abundance and altitude was best characterised by a polynomial relationship (percentage deviance explained = 21%) (Fig. 2) , as was the relationship between species richness and altitude (percent deviance explained = 29%) (Fig. 3) .
The skink fauna was the most abundant and species rich, and we examined the altitudinal pattern of some genera in more detail. Among the four-fingered skinks (Carlia spp. sensu lato), there was a discrete shift and turnover in dominant species from the tropical savanna sites at 350 m (Carlia storri, C. munda, C. schmeltzii), through to the tall forest at the rainforest edge at 950 m (C. malleolus and C. rubrigularis) (Fig. 4) . Carlia vivax and C. schmeltzii were the most widely distributed, ranging from the low altitude to~650 m. Two saxicolous species, C. mundivensis and C. jarnoldae, were restricted to the midaltitude woodlands where there was abundant out-cropping rock (Fig. 4) . With respect to the other skink species recorded, five were restricted to rainforest at 1000 m, and these are reported rainforest specialists (Glaphyromorphus mjobergi, G. fuscicaudis, Gnypetoscincus queenslandiae, Lampropholis robertsi, Saproscincus czechurai). The remainder was a mix of saxicolous species associated with rock cover (Eulamprus brachysoma, Ctenotus eutaenius) and wide-ranging species (C. spaldingi) (Fig. 5) .
The distribution of species across the altitude bands indicated that the most species-rich vegetation (total pooled data for all four surveys) was the 600-700-m band (12 species), followed by the 500-600-m and the 800-900-m bands (11 and 9 species). The total abundance, also pooled data for all four surveys, was clearly highest in the 300-500-m (178 observations) and 800-900-m bands (165 observations) (Table 2) . However, the 800-900-m band had more sampling sites, which may bias richness and abundance to this altitude band.
When assessing the average site species richness and abundance, a similar pattern emerges although the importance of the 800-900-m band is diminished. The most species-rich altitudes were the 500-600-m (7.0 AE 2.0 mean species), 600-700-m (6.0 AE 0.6), and the 300-500-m (5.0 AE 0.1) altitude bands, with the highest-altitude sites having the lowest mean species richness of 3.5 (Table 2 ). Mean abundance revealed a peak at the lowest-altitude sites at 300-500 m (59.0 AE 8.5 mean observations), followed by the highest-altitude sites >900 m (49.5 AE 33.5) and 800-900-m altitude band (41.3 AE 7.2) and was lowest at the 500-600-m altitude band (20.5 AE 7.5) ( Table 2) . Mean abundance was highly variable in the >900-m altitude range, which is attributed to the high variation in the recording of Carlia rubrigularis (31.0 AE 31.0 mean observations) and Lygisaurus malleolus (10.5 AE 10.5), which both occurred in only one of the two high-altitude rainforest sites (Table 2 ).
There was significant variation in species abundance across the altitude bands for eight species, the strongest patterns being for Carlia jarnoldae (H = 10.9, P = 0.05) (most abundant in the mid-altitude sites), Lygisaurus malleolus (H = 12.3, P = 0.03) (most abundant in the high-altitude sites), and C. storri (H = 15.9, P = 0.007), Cryptoblepharus virgatus (H = 14.1, P = 0.01) and Carlia vivax (H = 10.3, P = 0.06) in the low-altitude sites (Table 2) .
Discussion
In this study, we found that lizard species richness peaked at the lower end of the altitude gradient (300-600 m) and declined at the upper altitudes (800-1000 m). This pattern has some correspondence to the prediction of a mid-domain peak at onehalf the maximum altitude (McCain 2005; Currie and Kerr 2008) . In a review of global studies of altitudinal diversity of reptiles, four patterns were identified (McCain 2010) and our pattern was most similar to a low plateau with a mid-altitude peak (richness increases, peaks and then decreases with increasing altitude). However, neither total area, mid-domain predictions, temperature or altitude-climate models were consistent predictors of altitude richness patterns of reptiles (McCain 2010; McCain and Sanders 2010) . Changes in temperature, precipitation, productivity and vegetation cover along such transition zones have been shown to influence patterns of species richness (H-Acevedo and Currie 2003; Williams and Middleton 2008) . The key location of change (highest species richness) in our study was not the boundary between rainforest and savanna vegetation but instead where the canopy cover decreased. These transition zones between wet and dry forests tend to be sources of diversity due to increased landscape complexity (Lacher and Alho 2001; Lomolino 2001) . Lower canopy cover also increases sunlight penetration and duration of sunlight exposure, increasing potential nest sites of egg-laying reptiles such as skinks (Shine et al. 2002) and heterogeneity of basking sites (McCain and Sanders 2010; Monasterio et al. 2010) . The peak in richness of reptiles at the lower to mid-altitudes is likely a factor of the availability of radiant heat sources, which are more widespread across lower and intermediate altitudes. Relatively lower-altitude mountains (i.e. <1500 m), such as our study site, have lower humidity, sparser vegetation and less cloud cover, all of which increase radiant heat sources (Hare and Cree 2010; McCain and Sanders 2010) . Radiant heat sources are important for ectotherms such as reptiles: climatic variables, predominantly temperature-related factors such as solar energy and temperature, are strong drivers of reptile species richness and distribution globally (Guisan and Hofer 2003; Rodríguez et al. 2005; Qian et al. 2007; Chettri et al. 2010; McCain 2010) .
Reptile diversity and distribution have also been shown to be linked to moisture availability (Fu et al. 2007) . Our study region experiences a strong rain-shadow effect, where lower altitudes have diminished rainfall in comparison to the summit (Webb 1968) . On the gradient we sampled, there were simple correlative relationships with increasing altitude and precipitation (positive), and temperature (negative). The peak of lizard species richness at the lower to mid-altitude and peaks in abundance at the upper and lower altitudes, suggest that the relationship is a complex interplay of climate and habitat effects. For the wet tropics, area of upland and stability of climate are determinants of high endemism (Graham et al. 2006) and we found several mountain-restricted species at the top of the gradient. In arid and tropical areas, high lizard diversity is associated with the large landscape area (James and Shine 2000) and peaks in the tropical north-east due to complex environmental gradients (Powney et al. 2010) . We found species richness and abundance highest at the mid to lower end of the gradient where environmental turnover was highest and connected to the extensive lower-altitude tropical woodlands. The abundance patterns observed in this study were driven by a few restricted and endemic rainforest-edge skink species that are locally abundant (e.g. Carlia rubrigularis and Lygisaurus malleolus) in the uplands whilst the peak in abundance in the lower altitudes is a product of several widespread loweraltitude species (e.g. Carlia storri, Diporiphora australis, Cryptoblepharus virgatus). Lizard abundance, however, is lowest at the mid-altitudes where species richness peaked. Two structural microhabitat gradients are considered to be strong determinants of tropical lizard assemblages in the north-eastern Australian tropics: one broadly relating to rock and ground cover and the other to ground and woody vegetation cover (Goodman 2007) . In this study the region of highest species richness had intermediate to high cover scores for canopy, subcanopy, shrub, ground and rock cover, suggesting that the range of suitable microhabitat resources are present to maximise species numbers. Importantly, it is in this zone of high rock cover that higher-altitude species (Carlia rostralis, Lygisaurus malleolus) overlap with lower-altitude species (Carlia vivax, C. munda, C. schmeltzii, Ctenotus spaldingi) in the presence of saxicolous species (Carlia jarnoldae, C. mundivensis, Eulamprus brachysoma, Ctenotus eutaenius) to give the highest richness we recorded. This association of large numbers of species suggests species packing due to the diversity of niches available (Goodman 2007) . Alteration and reduction in thermal niche diversity is considered a cause of loss of lizard diversity in some regions (Sinervo et al. 2010 ). In the lower-altitude sites the high abundance of few species seems linked to the dominance of disturbance-tolerant species (e.g. Carlia storri, C. munda, Diporiphora australis). Habitats similar to these lower-altitude sites are extensively grazed by cattle, and the associated management practices have depleted species richness, and increased the abundance of species with generalist habitat preferences (Kutt and Woinarski 2007; Kutt and Fisher 2011) .
The richness and abundance patterns of the lizard assemblage presented in this study are not necessarily exhibiting a middomain effect, but are more likely a function of species (or taxa) specific ecological and habitat requirements. The patterns follow previously reported studies that tropical lizard diversity is a function of large environmental gradients and microhabitat complexity in zones of rapid vegetation and habitat turnover. This allows greater species packing (Goodman 2007; Powney et al. 2010) . The patterns in abundance and richness found on this mountain have varied greatly between taxa (van Ingen et al. 2008; Bateman et al. 2010) , suggesting that at a local scale taxonspecific factors and ecological factors regulate these patterns rather than a mid-domain effect. As with small mammals recorded on the same transect (Bateman et al. 2010) , lizard richness was linked to a combination of factors most important to the taxa in question, in this case vegetation cover (and associated sunlight penetration), an intermediate climate and microhabitat factors (rock cover), all key determinants of lizard diversity (Goodman 2007) . Each distribution is weighted by total abundance; that is, weighting adjusts the contribution of individual cases (e.g. altitudes) within the range plots in proportion to the values of a selected variable (e.g. abundance of species). The central open square is the mean, the box the standard error and the whiskers the minimum and maximum.
